Red blood cells from nestling herring gulls and Atlantic puffins that had ingested 10 ml or more of a Prudhoe Bay crude oil/kg body weight/day for four to five days were examined by light and electron microscopy. In stained smears, red blood cells from oil-dosed birds were characterized by anisocytosis, poikilocytosis, reticulocytosis, and Heinz body formation. In transmission electron micrographs, affected cells had intracytoplasmic and intranuclear Heinz bodies, a variety of abnormal cytoplasmic vesicles, degenerate mitochondria, absence of circumferential microtubules, abnormal shape, and crenulation of the plasma membrane. The latter two cell surface anomalies were evident in scanning electron micrographs. Identical lesions were present in red cells from gulls injected with phenylhydrazine. Reticulocytosis was the only change evident in blood from gulls made anemic by hemorrhage. These observations support the hypothesis that the toxicity of ingested Prudhoe Bay oil to red cells was exerted by oxidant chemical compounds.
Clinical hematology and preliminary biochemical data associated with hemolytic anemia from the ingestion of a Prudhoe Bay crude oil by two species of marine birds were reported in a previous paper." The anemia was characterized by the presence of Heinz bodies and oxidant biochemical lesions in red cells. The light and electron microscopic morphology of red cells from these and similar subsequent experiments are the subject of this report.
Materials and Methods
Blood samples collected from oil-dosed birds and controls in two different years were used in these studies. In 1982, studies were conducted using herring gulls (Lurus urgentatus) and Atlantic puffins (Fruterculu urcticu). Collection, housing, and protocols for these experiments are described elsewhere." In 1983, herring gulls were collected on Bois Island, 70 km south of St. John's, Newfoundland, Canada, and were housed and fed in the same manner as in 1982. All birds used in these experiments were nestlings. Gulls were approximately three to four weeks old when captured; puffins were of unknown age but were probably less than 7.5 weeks old, the reported approximate mean age at fledgling. 24 Birds were given daily oral doses of 0, 1, 4, 5 , 10, or 20 ml Prudhoe Bay crude oil/kg of body weight/day by esophageal intubation of oil-filled gelatin capsules. Controls received empty capsules. Anemia developed after four to five days and, at that time, blood samples were taken from the brachial vein (gull?) or heart ( p u f h s ) with heparin used as anticoagulant. Each bird was sampled only once. In one gull experiment, smears were made with anticoagulant-free blood immediately upon collection, and were stained with Wright's-Giemsa stain.
For comparative study of Heinz body hemolytic anemia produced by a well-characterized agent, two nestling gulls were each given two intramuscular injections, spaced 48 hours apart, of an aqueous solution of phenylhydrazine HC1, 15 mg/kg body weight. Twenty-four hours after the second injection, blood samples were collected in heparin from the brachial vein and were processed for light and electron microscopy. At that time, Heinz bodies were present in 12 and 17% of red cells. To assess the morphology of reticulocytes in non-intoxicated birds, 20 to 25 ml of blood was taken from the brachial veins of each of two gull nestlings. Reticulocyte counts were made daily thereafter and samples were collected and processed for electron microscopy after three days, at which time reticulocyte counts were 16 and 20%.
Two staining techniques were applied to unfixed, heparinized blood. A working solution of new methylene blue was prepared by dissolving 0.5 g of stain and 1.6 g of potassium oxalate in 100 ml of distilled water.6 This was kept at 4°C and was filtered immediately prior to use. One volume of blood (usually 100 pl) was placed in a test tube and mixed with two volumes of new methylene blue solution. After 20 m-inutes, smears were made of the blood-stain mixture. These were airdried and examined with oil immersion optics.
A second technique involved an adaptation of the sequential application of solutions of neutral red and brilliant green.28 Strict attention to detail was required for success with this technique. Fresh solutions were prepared and used within 4 hours. Stain solutions, 2% neutral red and 1 % brilliant green (weight/volume), were prepared with isotonic phosphatebuffered saline as the diluent (approximately 300 mOsm, pH 7.4). Solutions were mixed for 30 minutes on a shaker and were filtered immediately prior to use. In a test tube, 100 pl of whole, heparinized blood was mixed with 175 pl of neutral red solution and left at room temperature for three to five 393 minutes. Twenty-five pl of brilliant green solution was then added. The cell-stain mixture was agitated gently for five to ten seconds to ensure complete mixing, and smears were made immediately. The smears were quickly placed in the warm air stream of a portable hair-drier set at medium levels of air velocity and temperature. The dried smears were examined with oil-immersion optics.
For preservation of the cells and to prevent fading of the stain, glass coverslips were applied as soon as possible after the initial examination. Immersion oil was removed from the smears with xylene. Coverslips were applied to the cleaned and dried smears with liquid Epox 8 12-araldite plastic (E.F. Fullam, Inc.. Schenectady, N.Y.)22 as the mounting medium. Slides were placed in an oven at 60°C for 24 to 48 hours to polymerize the medium.
Blood for scanning and transmission electron microscopy was fixed in a 1 % solution of glutaraldehyde prepared with isotonic, phosphate-buffered saline as the diluent. In 1982, heparinized blood was kept at 4°C to 23°C for several hours and was then fixed, while in 1983 anticoagulant-free blood was fixed immediately upon collection. Fixed blood was kept at 4°C for one day to six months before further processing. The unusual interruptions in normal processing procedures were necessitated by the priorities of the 1982 experiments, and were avoided in 1983. The fixed cells were washed in buffer, post-fixed in osmium tetroxide and uranyl acetate, and dehydrated through graded ethanols to propylene oxide.
For scanning electron microscopy, a dilute suspension of cells in propylene oxide was dropped on the surface of a glass coverslip and air-dried.5 The coverslips were then mounted on metal stubs and coated with gold-palladium and examined by scanning electron microscopy. To determine if the above procedure introduced technique artifacts into specimens, fixed and post-fixed blood cells from two affected and two control birds were dehydrated in graded acetones and subjected to critical-point drying. Dried cells were dusted onto adhesive-coated stubs, coated with gold-palladium, and examined by scanning electron microscopy. For transmission electron microscopy, dehydrated cells were embedded in Epox 8123 or in Epox 812-~iraldite.~~ Sections 0.5 to 1 pm thick were stained with toluidine blue-basic fuchsin for light microscopy, and ultrathin sections were stained with uranyl acetate and lead citrate and examined by electron microscopy.
Sample sizes (n) reported are the total aggregate number of samples from birds in a given treatment category that were examined. Smears of unfixed blood from all birds were examined, using either new methylene blue alone, or using this and also the neutral red-brilliant green method. Wright's-Giemsa staining, plastic-embedding, and electron microscopy were done with smaller numbers of samples from representative treatment groups.
Results
Lesions in red blood cells were detected in all samples from birds that received I 10 ml of Prudhoe Bay crude oil/kg/day (affected birds). Cells from birds that received 1, 4, or 5 ml/kg/day were morphologically indistinguishable from controls. In smears stained with Wright's-Giemsa, red cells from control gulls (n = 7) were uniform in size, shape, and staining properties. The cells were oval and had smooth, regular contours. Nuclei were centrally located and condensed. The cytoplasm was uniformly acidophilic in most cells. One to three cells with somewhat basophilic (polychromatic) cytoplasm and less-condensed nuclei were present in each high power (1OOX) field. In contrast to the above, there was marked anisocytosis, poikilocytosis, and polychromasia in red cells from affected gulls (n = 14). Some degree of polychromasia was present in the majority of red cells. The more intensely polychromatic cells had more euchromatic nuclei, and large, round, basophilic cells that resembled erythroblasts." Red cells with distinctive, irregular cell contours were common. These cells appeared to have indented, folded, or finely irregular surfaces, and to be flatter and, often, smaller than normal red cells.
Blood from both gulls and puffins was stained with new methylene blue. In control samples (n = 53), red cells were uniform in size and shape and differed only in the amount of new methylene blue-positive cytoplasmic material they contained. Reticulocytes, defined in this study as cells with complete or nearly complete perinuclear rings of new methylene blue-positive organelle material," were present in both control and affected birds, but were more abundant in affected birds as reported previo~sly.'~ In affected birds (n = 53), many red cells had multiple small new methylene blue-positive inclusions in their cytoplasm ( fig. 1 ). These were usually distributed evenly throughout the cell, giving it a stippled appearance. In occasional red cells, the inclusions were clustered at the cell margin and formed a peripheral ring with a high density of inclusions. Fragmentation of cells was pronounced in samples from affected birds, and the inclusions could often be seen within, or attached to, red cell fragments. The relatively uniform and small size, and the less intense stain affinity of the inclusions distinguished them from the new methylene blue-positive cytoplasmic organelle material of reticulocyte and post-reticulocyte maturing red cells.
On the basis of their size, distribution, and staining characteristics, the red cell inclusions were tentatively identified as Heinz bodies. 29 The neutral red-brilliant green stain was used as a second means of identifying Heinz b o d i e~. *~.~~ With this technique, Heinz bodies are stained green against a red background. In control blood samples (n = 40), erythrocytes had pale red cytoplasm and bright red nuclei. The cytoplasmic organelle material in reticulocytes was red and was clearly visible. The cytoplasm of heterophils and of some cell fragments was pale green. In samples from affected birds (n = 52), the cytoplasm of many erythrocytes contained numerous, intensely stained, bright green inclusions that were clearly visible against the red background. Green inclusions also appeared to be within nuclei, although this could not be determined with certainty in the whole cell preparations. The size and distribution of inclusions were similar when cells from the same sample were stained in parallel with new methylene blue and with neutral redbrilliant green. Erythrocytes from gulls injected with phenylhydrazine contained inclusions identical in size, distribution, and staining characteristics to those in cells from affected oil-dosed birds.
Erythrocytes from birds that received 2 10 ml Prudhoe Bay crude oil/kg/day were clearly distinguishable from those from control or low-dose birds in stained sections of plastic-embedded cells viewed with a light microscope. In control samples (n = 17), red cells stained uniformly and darkly, and nuclei were only slightly darker than the cytoplasm. Cell contours were smooth regardless of the plane of section. Occasional red cells had pale cytoplasm and larger, less condensed nuclei. These were assumed to be immature cells. In samples from affected birds (n = 19), red cells were heterogeneous in their staining properties, and varied considerably in shape, size, and intracellular morphology. Many cells stained very intensely, and their nuclei could not be distinguished from the cytoplasm. These cells had highly irregular cell contours, with angular indentations and protrusions of cell surfaces. Other cells with normal or reduced cytoplasmic stain affinity had a variety of abnormalities including eccentric nuclei, finely irregular cell membranes, and small darkly stained Heinz body-like inclusions that were free in the cytoplasm or associated with nuclear or plasma membranes. Occasional cells appeared to consist only of degenerate nuclei, non-staining or absent cytoplasm, and surrounding plasmalemmas to which numerous dark inclusions were attached. Cells that were morphologically indistinguishable from the normal mature and immature erythrocytes seen in control samples were also present in the blood of affected birds.
In transmission electron micrographs, red cells from control birds, unaffected oil-dosed birds, and birds recovering from acute hemorrhage (n = 16) had the same homogeneous uniform surface and cytoplasmic characteristics noted in plastic sections ( fig. 2) . Mitochondria, small lucent vesicles, endoplasmic reticulum, and polyribosomes were visible within the electron-dense cytosol, but were seldom abundant. A circumferential band of microtubules was usually evident. Apparent dilation of perinuclear cisternae was present in nearly all red cells from all birds, and was considered an artifact of fixation. Transmission electron microscopy of red cells from affected birds (n = 11) confirmed the presence of inclusions that were similar in ultrastructural characteristics to Heinz bodies described in other species of birds and mammals ( fig. 3) .'.26.29 These were present in the cytoplasm, where they were usually tightly associated with the plasmalemma, the outer nuclear membrane or other membranous organelles such as mitochondria, and in nuclei, where they occurred in lucent areas among masses of condensed chromatin. Heinz bodies varied somewhat in size and shape. In general they appeared irregularly circular and in one series of measurements had an average diameter of 140 nm (range 30 nm to 300 nm). They were occasionally seen in large irregularly shaped aggregates up to 1.5 pm in diameter. They were usually more dense than the surrounding cytoplasm and this contrast in density was often enhanced by affected cells having abnormally lucent cytoplasm. Heinz bodies were never surrounded by unit membranes, although they were commonly tightly associated with membranous structures and appeared to be attached to them. At points of apparent Heinz body attachment, the plasma membrane was sometimes deformed into a shallow concavity over the area of contact.
Several other ultrastructural lesions were present in red cells from affected oil-dosed birds. Nuclear membranes were often severely disrupted and dificult to recognize. Many cells contained degenerate mitochondria which had dense granular material associated with inner mitochondria1 membranes ( fig. 4) . This 5 ) or material similar in density to the cytoplasm. The cytoplasmic density of many Heinz bodycontaining cells was lower than that of normal cells. This decreased density extended over a great range, the extreme of which was cells which were largely devoid of cytoplasm and which consisted of degenerate nuclei and plasma membranes studded with Heinz bodies along their inner surfaces ( fig. 6 ). These cells were taken to represent ghost erythrocytes in which hemoglobin and other cytoplasmic constituents had been destroyed or had escaped due to loss of integrity of the plasma membrane. Conversely, some affected cells had cytoplasm that was considerably more dense than normal. Heinz bodies were often difficult to discern in these cells ( fig. 7) .
Many affected cells had very irregular shapes. Shape anomalies ranged from large angular dents and projections from cell surfaces to a diffuse and severe crenulation of plasma membranes ( fig. 7) . These deformities were seen most commonly in cells of very high cytoplasmic density. Heinz body-containing cells with lowdensity cytoplasm often appeared to be expanded at their poles. Cell profiles became less fusiform and more round as cytoplasmic density decreased, and the most lucent cells were nearly circular. Microtubules were never visible in angular, crenulated, or expanded cells, and were rarely seen in any cells that contained Heinz bodies.
In many affected cells, a thin band of highly dense material was present along the cytoplasmic surface of the plasma membrane (figs. 5, 7) . The band was thin and was often discontinuous. It was most pronounced in cells with diffusely crenulated plasma membranes and in cells with angular projections of the plasma membrane, in which the dense material was present at the apices of the projections.
Heinz bodies identical in morphology and intracellular distribution to those in affected cells from oildosed birds were present in red cells from gulls given phenylhydrazine. These cells also had the degenerate mitochondria, vesicles, angular deformities, paucity of microtubules, and spectrum of abnormal cytoplasmic densities described above. Red cells from control birds (n = 11), birds given low dose of Prudhoe Bay crude oil (n = 4), and a gull responding to acute hemorrhage had none of these lesions.
Young red cells were present in all samples, but were much more numerous in samples from birds that received high doses of Prudhoe Bay crude oil, parenteral phenylhydrazine or were recovering from hemorrhage, than they were in samples from control and low-dose Prudhoe Bay crude oil birds. Young red cells contained numerous polyribosomes, mitochondria, and Golgi bodies, and had cytoplasm of lower density than did mature red cells. Cytoplasmic density and organelle content of young red cells varied over a wide range and no criteria were established to identify cells that would have been considered reticulocytes at the light microscope level of resolution.
Scanning electron microscopy provided 3-dimensional views of the cell surface abnormalities noted in sectioned material. Red cells from control birds (n = 5) were bi-convex elliptical discs of uniform size and shape, and with smooth, regular outer contours ( fig. 8 ).
Small pits in the plasma membrane were evenly distributed over the cell surface. Cells from birds that received low doses of Prudhoe Bay crude oil (n = 3) or that were recovering from acute hemorrhage (n = I ) were identical to those from controls ( fig. 9 ). Many red cells from affected birds were highly irregular in size and surface characteristics ( fig. 10 ). The smooth surface contours of normal cells were replaced by irregularities that ranged from relatively large smooth dents and protrusions to diffusely distributed smaller, sharp folds and pits. The most extreme form of surface irregularity was a diffuse crenulation of the membrane (fig. 1 1) . In some cells, only the portion of the membrane overlying the nucleus was crenulated. Cells with diffuse membrane irregularities appeared broadened at the poles and somewhat flatter than either control cells or unaffected cells present in the same samples.
Discussion
Lesions in erythrocytes were detected in blood samples from gulls and puffins that ingested 2 10 ml Prudhoe Bay crude oil/kg/day for four or five days, but were absent in samples from gulls that ingested 0, 1, or 4 ml/kg/day and from puffins that ingested 0 or 5 ml/ kg/day. Lesions were evident in all light and electron microscope preparations and were similar in the two bird species.
Abnormalities of cell size and shape were evident in smears stained routinely with Wright's-Giemsa, and suggested the surface alterations seen at higher resolution by electron microscopy. Other techniques were required to demonstrate Heinz bodies. Both new methylene blue and neutral red-brilliant green proved satisfactory when Heinz bodies were abundant as in fig. 1 . However, the presence of new methylene blue-positive ribosomal materialI6 in the cytoplasm of the majority of red cells from the young birds used in these studies prevented definitive recognition of Heinz bodies when few were present in a cell. With neutral red-brilliant green, Heinz bodies (green) were easily distinguished from reticulocyte organelles (red). Detection of single Heinz bodies in cells and enumeration of Heinz bodycontaining cells present at low frequency ( 1 /300) was readily accomplished. The neutral red-brilliant green stain faded within a few days when left either without a coverslip or with a coverslip applied with a routine xylene-soluble mounting medium. The use of embedding plastic as a mounting medium proved satisfactory, and stain quality was maintained at its original clarity for five months. Methyl violet 6B has been used successfully to demonstrate Heinz bodies in avian red cells, but the author did not comment on the staining characteristics of reticulocyte organelles with this dye.*' Despite the undesirable interval between primary fixation and final processing for electron microscopy of 1982 blood samples, the material remained of satisfactory quality and free of serious artifacts. Cells from control birds appeared identical regardless of variations in time stored in fixative, use or non-use of anticoagulant, or length of time between sample collection and fixation. Lesions in affected cells were similarly unaltered by these variations in sample handling. Specimens air-dried from propylene oxide for scanning electron microscopy suffered no distortions due to surface tension or other factors when compared with specimens prepared by critical point drying. Avian red cells appeared particularly resilient to preparative manipulations.
Ultrastructural lesions present in the red cells of affected oil-dosed birds were consistent with previously reported evidence of oxidant biochemical damage to cellular components." Heinz bodies are masses of tightly associated, oxidized globin molecules. They derive from oxidative breakdown of hemoglobin, and probably maintain their structural integrity through hydrogen bonds.' They commonly attach to cell membranes, apparently by disulfide linkage^.'^ They are definitive evidence of oxidative damage to hemoglobin, whether this is due to toxic oxidants or is predisposed by genetic abnormalities of hemoglobin itself, and their binding to cell membranes may alter fluidity and permeability sufficiently to result in intravascular or extravascular hemolysis. '5.21 While hemoglobin is a major structural and functional constituent of red blood cells, toxic oxidant damage to red cells is seldom limited to this molecule. Membrane lipids and proteins, and cytoplasmic constituents such as enzymes, cofactors and organelles may be damaged, and this may be more disruptive to cellular integrity than is hemoglobin destruction.'. l o Damage of this sort was clearly present in affected red cells from oil-dosed birds. Plasma membrane crenulations were evidence of severe membrane damage and suggested the loss of normal fluidity that is expected in peroxidized membrane^.^' Damage to mitochondria may have had a similar pathogenesis. While the submem-branous electron-dense material along plasma membranes of many affected cells was not identified, it is possible that this derived from abnormal cross-linkage or attachment of molecules along peroxidized membrane surfaces.]'."
Normal shape and smooth surface contours of red cells are achieved and maintained, at least in part, by means of m i c r o t~b u l e s~~~ and proteins such as spectrin and actin that are associated with the inner surface of the pla~malemrna.l~.*'.*~ The extreme irregularities in shape observed in affected cells may have resulted from damage to both of these systems; microtubules were virtually absent from affected cells. The high cytoplasmic density of the most misshapen cells seen in transmission electron micrographs suggests that cell shrinkage, perhaps a transient phenomenon, also may have been a factor in the development of abnormal cell shape.
Red cells with irregular surfaces were not observed in blood samples from birds with high reticulocyte counts induced by hemorrhage. Thus, although the surface convolutions in fig. 10 resemble those seen in similarly prepared mammalian reticul~cytes,~ the shape abnormalities observed in this study were pathological and not developmental.
Cytoplasmic vesicles were commonly seen in affected cells. The origin of these was not determined. Endovesiculation that produced similar large lucent vesicles was described in mammalian red cells exposed to certain oxidant drugs.21 Autophagy is another process that might have produced the observed vesicles. l9
Cells from gulls injected with phenylhydrazine closely resembled those from affected oil-dosed birds. Dense submembranous material was not seen in cells from phenylhydrazine-treated gulls, but the sample size (n = 2) was too small to establish that this lesion does not occur with phenylhydrazine treatment. Phenylhydrazine is a well-characterized oxidant and the biochemistry of phenylhydrazine-induced hemolytic anemia has been studied in detail.12. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] The toxic action involves oxidation of cellular constituents via a freeradical mechanism, and results in hemolysis as well as Heinz body formation. The striking morphological similarities between red cells suffering the effects of phenylhydrazine and those from birds ingesting Prudhoe Bay crude oil supports the hypothesis that oxidative biochemical changes accounted for the entire spectrum of lesions present in affected red cells from oil-dosed birds.
Toxic hemolytic anemias with Heinz body formation in birds have been described in three previous papers.
One author described the ultrastructural morphology of Heinz bodies in erythrocytes of turkeys after treatment with phenylhydra~ine,~~ and another described this in erythrocytes of chickens after treatment with either phenylhydrazine, n-butyl mercaptan, or n-butyl disulfide. ' A description of ultrastructural lesions in red cells froni chickens after ingestion of dimethyl disulfide was given-Heinz bodies and cytoplasmic vesicles were described.20 This identification of membrane-bound, dense cytoplasmic structures as Heinz bodies must be rejected. In view of their biochemical and structural origins,2.26 Heinz bodies are, by definition, structures that lack limiting membranes. The structures described by this author may have been autophagic vesiclespossibly containing Heinz bodies or other condensed materials, or degenerate mitochondria. The smaller densities without membranes that were also identified as Heinz bodies were similar to the Heinz bodies described in the present and in previous studies. Avian Heinz bodies resembled those seen in mammalian red cells in all ways except size; mature Heinz bodies in mammalian cells are considerably larger than those in bird^.^^.^^ The reason for this difference in size is not clear, but may relate to the considerable differences in both structure and biochemistry between red cells from these two taxonomic cla~ses.~
